Electron transport properties of a topological insulator Bi2Se3 thin film are studied in Hall-bar geometry. The film with a thickness of 10 nm is grown by van der Waals epitaxy on fluorophlogopite mica and Hall-bar devices are fabricated from the as-grown film directly on the mica substrate. Weak antilocalization and electron-electron interaction effects are observed and analyzed at low temperatures. The phase-coherence length extracted from the measured weak antilocalization characteristics shows a strong power-law increase with decreasing temperature and the transport in the film is shown to occur via coupled multiple (topological surface and bulk states) channels. The conductivity of the film shows a logarithmically decrease with decreasing temperature and thus the electron-electron interaction plays a dominant role in quantum corrections to the conductivity of the film at low temperatures. PACS number(s): 73.20.Fz, 72.15.Rn, 73.25.+I, 
Three-dimensional (3D) topological insulators (TIs) manifest themselves with gapless linear energy-dispersive metallic surface states of helical Dirac fermions in the insulating bulk band gaps. 1 The time-reversal symmetry protected topological surface states have consequently attracted considerable attention in recent years due to the fact that these states are of the fundamental interest in searching for novel physics phenomena, including elusive Majorana fermions in solid state, and have the potential applications in low energy-dissipative spintronics and quantum information processing. 2 The π-Berry phase associated with the helical Dirac fermion surface states gives rise to a quantum correction to the conductivity at low temperatures. The correction has the same forms of temperature and magnetic field dependences as the weak antilocalization (WAL) effect found in a two-dimensional (2D) electron system in the presence of strong spin-orbit interaction and is thus also termed as the WAL effect. [3] [4] [5] The WAL effect is suppressed when the time reversal symmetry is broken by applying a magnetic field. The effect can also be faded away as the phase coherence time τφ of electrons is decreased. At low temperatures, decoherence arises dominantly from electron-electron interaction (EEI) and thus τφ varies with temperature T as ∝ with p = 1 for a 2D electron system. 6 The EEI also gives rise to an additional correction to the conductivity which has a similar form of temperature dependence as the WAL effect, but is competing with the WAL correction. Both the WAL effect and EEI effect have been observed in the transport studies of 3D TI thin films. 7 While, in many cases, the observed WAL correction to the conductivity agrees well with the theoretical prediction, the correction to the conductivity by the EEI effect observed in experiments could not always be accounted for by theory. 8 In this paper, we report on a study of transport properties of a Bi2Se3 thin film grown by van der Waals epitaxy on fluorophlogopite mica. We analyze the quantum corrections to the conductivity induced by WAL and EEI at low temperatures in details and present a consistent description of EEI processes in the thin film. The film employed is of ~10 nm in thickness, which is thick enough to form decoupled helical band states on two surfaces and in the same time is thin enough for bulk transport to be of the 2D or quansi-2D nature. We show that the electron phase coherence length in our thin film determined from the WAL effect is increased with decreasing temperature T as
and the transport occurs via coupled multiple (topological surface states and bulk states) channels in the film. We also show that the conductivity of the thin film is decreased logarithmically with decreasing temperature at T < ~10 K and the EEI plays a dominant role in the quantum corrections to the conductivity at low temperatures. Our results are consistent with theory.
Among recently discovered three-dimensional TIs, confirmed by measurements using the surface-sensitive techniques of angle-resolved photoemission spectroscopy and scanning tunneling microscopy, 9, 10 Bi2Se3 possesses a single Dirac cone in the surface-state band structure and a large bulk-state bandgap, and is hence considered as one of the most important TIs for the study of topology-protected surface states and for the applications using the helical surface Dirac fermions. It has been expected that a Bi2Se3 thin film grown by van der Waals epitaxy on fluorophlogopite mica is of high crystal quality and has excellent transport properties. In the van der Waals epitaxial growth for this work, the source material Bi2Se3 powder (Alfa Aesar, purity 99.999%)
is placed in the center of a horizontally arranged one-inch-diameter quartz tube inside a twelve-inch tube furnace for thermal evaporation. A fluorophlogopite mica substrate is placed at a certain location inside the tube in order to set a desired deposition temperature. Before the vapor-phase deposition process, the tube is pumped to low pressure of ~50 mTorr and is flushed repeatedly with ultrapure argon to minimize oxygen contamination. Then, the source is heated to a temperature of from the -Berry-phase topological delocalization. 4, 5 It is also seen that the measured longitudinal sheet resistance Rxx(B) shows a positive magnetoresistance over a large range of the applied magnetic fields. This positive magnetoresistance is in agreement with the results of the measurements carried out for Bi2Se3 thin films grown by MBE and hot wall CVD. 15, 8 In our measurements, the line shape of the magnetoresistance Rxx(B) at low magnetic fields (|B| < ~5 T) can be described by a power law function of 0 / 0 ∝ | | with γ = 1.1. However, at high magnetic fields, the The measured Hall resistance Rxy(B) displayed in Fig. 2(a) shows a good linear line shape at low fields.
However, at high fields, a weak deviation from the linear magnetic field dependence can be seen in the measured Rxy(B), which might indicate that multiple (topological surface states and bulk states)
transport channels are present in our thin Bi2Se3 film. 20, 21 Figure 2(b) shows the temperature dependences of the sheet electron concentration and the electron mobility extracted for Device A at temperatures from 300 to 2 K. It is seen that the sheet carrier density decreases drastically with decreasing temperature from 100 K and then shows slow decreases at temperatures below ~10 K. The mobility is seen to increase with decreasing temperature and shows saturation at temperatures below ~10 K, indicating that phonon scattering in the thin film is frozen out when the temperature is lower than ~10 K. From Fig. 2(b) , it can be seen that at T = 2 K, the sheet electron concentration is ns ~ 6.1×10 This result indicates that the transport in our thin film is dominantly of the 2D nature at this low magnetic field region. This is consistent with the fact that the thickness of the film is much smaller than the phase coherence length (see below) and the carrier mean free path in the film. We note that the magnetoconductivity curve is still seen to be peak like at 0°, which indicates that the magnetic field is not exactly in plane at 0°. To estimate the possibly misaligned angle  with respect to 0°, we normalize the measured curve at 0° against Bsin ∆ and find out presented. It is seen that the magnetoconductivity peak at low fields is broadened with increasing temperature and eventually vanishes when the temperature becomes higher than 20 K. In the limit of strong spin-orbit interaction in a 2D system, i.e., ≪ ( is the spin-orbit scattering time), which is applicable for our devices, the quantum correction to the magnetoconductivity at low fields can be described by the simplified Hikami-Larkin-Nagaoka (HLN) formula as given by The fact that is closer to 1/2 rather than 1 could be due to the fact that the coupling between the surface states and the metallic bulk states in the thin film makes multiple transport channels (topological surface states and bulk states) not completely separable. 15 To check the applicability of the simplified HLN formula in our analyses, the WAL data measured at T = 1.85 K are also fitted by using the full expression of the HLN theory as described in Ref. [3] , taking into account elastic scattering, dephasing scattering, and spin-orbit scattering processes. The fitting yields the phase-coherence length 634 nm and the spin-orbit length 9 nm, agreeing well with the criterion of ≪ . Moreover, happens to be the same as what we have extracted by using the simplified HLN formula, indicating that the simplified HLN formula is applicable and very accurate in the analyses of our measurements.
In Fig. 4(b) , it is seen that the phase-coherence length increases with decreasing temperature and starts to show saturation to a value of  900 nm at temperatures below 600 mK. This saturation is a feature commonly found in dirty metals, semiconductors and ballistic quantum wires and dots. [22] [23] [24] The physical origin of the observed saturation is still in debate and there is no generally accepted process which can satisfactorily explain all relevant experimental results. With regards to the measurements presented in this work, we would like to attribute the observed saturation to electron heating and non-equilibrium effects that could arise from using the excitation current of 300
nA. This is because, as we have checked, the temperature at which starts to show saturation is found to decrease to 400 mK when our measurements are carried out at the excitation current of 200
nA. In the temperature range of 1 to 10 K, phase breaking process is primarily due to EEI. In this temperature range, the measured phase-coherence length in our experiment can be described by a power law dependent function of ~ with 0.72. This value of differs from the value of 0.5 predicted theoretically for EEI-induced phase breaking in a 2D electron system. 6 However, it is consistent with the results shown above that the transport occurs via coupled multiple (2D topological surface states and 2D bulk states) channels in our thin film. The presence of the gapless topological surface states, however, is indicated consistently by a number of ARPES measurements within their energy resolutions in Bi2Se3 thin films with a thickness similar to our sample (10 nm). 27 Therefore, this insulating ground state is most likely induced by the EEI effect in our thin film at low temperatures.
In the absence of a magnetic field, both the weak localization (WL) and the EEI in a diffusive metallic system yield logarithmical temperature dependent behaviors of the conductivity σxx.
However, the magnetotransport measurements have already shown a magnetoresistance dip at zero magnetic field and thus the WAL effect rather than WL effect is present in our Bi2Se3 film in the absence of a magnetic field. The WAL effect makes σxx increase with decreasing temperature and the resulting quantum correction from the -Berry-phase delocalization to σxx at different temperatures can be described as
where is a characteristic temperature at which the WAL correction vanishes, is the reduced Plank constant, and p is the temperature exponent in the inelastic scattering time ∝ (p is related to β as p=2β). On the other hand, the EEI modifies σxx oppositely as
where F is the electron screening factor whose value lies between 0 and 1 theoretically and TE is a characteristic temperature at which the EEI correction is suppressed. Therefore, the logarithmical decrease in σxx at temperatures below 10 K could derive from the competitive WAL and EEI corrections. The screening factors F can be determined by fitting the data of that in the absence of a magnetic field, the EEI plays the same important role in the quantum correction to the conductivity of the thin film as the WAL. We emphasize, however, again that in the presence of a sufficiently large magnetic field, the quantum correction to the conductivity is dominantly due to the EEI in the thin film. By using an averaged value of F = 0.08, we can obtain αp = 0.9, which is consistent with the value of 2 0.87, determined from the phase-coherence length measurements.
In conclusion, we have studied the electric transport properties of a Bi2Se3 thin film grown by vapor-phase deposition in Hall-bar geometry. The film is characterized by magnetotransport measurements and it is shown that the film possesses an n-type sheet electron concentration of ns ~ 6.1×10 at T = 2 K. At high temperatures (10 to 300 K), typical metallic behavior is observed in the thin film, namely, the resistivity is decreased with decreasing temperature. At low temperatures (< 10 K), the WAL effect and EEI effect are observed in the transport measurements. The WAL effect is analyzed based on the HLN theory and the phase coherence length of electrons in the thin film is extracted. It is shown that the phase coherence length is scaled with temperature as ~ with 0.72 at 0.04 to 10 K and the transport in our thin film occurs via coupled multiple (2D topological surface states and 2D bulk states) channels. The effect of EEI is studied by measuring the conductivity of the thin film as a function of temperature. It is found that at temperatures below ~10 K, the conductivity of the thin film shows a logarithmical decrease with decreasing temperature at both zero magnetic field and high magnetic fields at which the WAL is suppressed, revealing the presence of a significant effect of EEI in the thin film. Further experiment with Bi2Se3 thin films of tunable Fermi level is needed in order to switch on and off the coupling between the surface states and bulk states and, thus, a detailed study of the quantum corrections originating purely from the surface state transport in the thin films can be carried out. 30 We thank Prof. Alex Hamilton at University of New South Wales for helpful discussion. 
